The aim of this work was to evaluate the long-term performance of a Membrane Bioreactor (MBR) that operated continuously for 2.5 years and to assess membrane fouling and biomass activity under various operating conditions. Furthermore, a method for the characterisation of influent wastewater was developed based on its separation into various fractions. The MBR system operated at the solids retention times (SRT) of 10, 15, 20 and 33 days. The increase of SRT resulted in a decrease of the fouling rate associated with the reduction of extracellular polymeric substances. Moreover, the SRT increase resulted in a significant reduction of the Oxygen Uptake Rate (OUR) due to the lower availability of substrate and in a notable decrease of the maximum OUR since high SRT allowed the development of slower growing microorganisms. Biomass consisted of small flocs due to extensive deflocculation caused by intense aeration. Finally, the method developed for wastewater characterisation is straightforward and less time consuming than the usual method that is employed.
INTRODUCTION
The Membrane Bioreactor (MBR) is an advanced wastewater treatment system which is increasingly adopted for biological wastewater treatment, instead of the conventional system of activated sludge (AS) (Husain & Cote 1999; Stephenson et al. 2000) . MBR combines biological processes and membrane filtration for the secondary treatment of wastewater. Membranes are employed to separate the final effluent from sludge. MBR does not employ a secondary sedimentation tank for effluent clarification and consequently the problems of poor sludge settling are not encountered. Moreover, MBR achieves superior effluent quality compared to the conventional AS systems, since membranes retain suspended solids. The adoption of MBR can lift the barriers for wider wastewater reuse, since the final effluent meets the stringent reuse guidelines or regulations for unrestricted irrigation, provided that some disinfection is ensured. Furthermore, MBR can operate at high Solids Retention Times (SRT) with no operational problems and requires a smaller footprint. Its main operational deficiency limiting its wider adoption is that of membrane fouling (Tazi-Pain et al. 2002; Liu et al. 2004) . Extracellular polymeric substances and colloidal matter have been identified to be the sludge substances that are primarily responsible for membrane fouling (Chang & Lee 1998; Fan et al. 2006; Malamis & Andreadakis 2009; Meng et al. 2009 ). Research work has been carried out to determine an optimal range of MBR operation (Malamis 2009; Meng et al. 2009 ). The aim of this work was to provide insight on the long-term operation of an MBR, focusing on membrane fouling and on the heterotrophic and autotrophic biomass activity under different operating conditions. Biomass characteristics and activity were assessed for SRT ranging from 10 to 33 days. Furthermore, a method for the characterisation of influent wastewater was developed which requires less time than the usual method based on Oxygen Uptake Rate (OUR) experiments.
MATERIALS AND METHODS

Experimental set-up
The MBR pilot system was installed at the premises of the Sanitary Engineering Research and Development Centre (SERDC) owned by the Athens Water Supply and Sewerage Company (EYDAP S.A.), situated at Metamorphosi Attiki. Primary treated municipal wastewater after passing through 1 mm screens was fed to a 2 m 3 equalisation tank and then to a 250 L pilot scale MBR where the membrane module was immersed. Permeate was filtered directly from the aeration tank. Coarse bubble aeration was supplied at a constant rate of 4.0 m 3 /h to minimise membrane fouling, while fine bubble aeration was supplied through air diffusers in order to maintain the dissolved oxygen (DO) level higher than 2 mg/L. The high DO concentration ensured that the DO fluctuation in the bioreactor had a minimal effect on membrane fouling.
The filtration pattern took place at 10-min cycles during which 9.5 min of filtration was followed by 0.5 min of backwash. The MBR was left to develop its own biomass for a period of 3 months (start-up period) and was subsequently operated under steady-state conditions. The system was left for a period of at least 2 Â SRT to attain the required steadystate conditions. Four experimental periods were conducted and each period was characterised by a different solids retention time (SRT), namely 10, 15, 20 and 33 days. The hydraulic retention time (HRT), filtration flux, backwash flux and membrane aeration remained constant under all operating conditions. The hollow fibre membrane module (ZW-10) was supplied by GE Water and Process Technologies. It was made of polyvinylidene fluoride (PVDF) and had a nominal pore size of 0.04 mm. Table 1a summarises the operating characteristics.
Experimental methods
Transmembrane pressure was recorded using the data logger EASYLOG 40N which was connected to a pressure transducer (S-10 WIKA). Temperature was recorded using the data logger EASYLOG 40NSW. The sludge pH was measured using the MP125 of Mettler Toledo, while the DO concentration was measured using a WTW OXI 315i oxygen meter. The rate of membrane fouling was assessed based on the rate of membrane permeability reduction (dL/dt), corrected at 201C by applying the following correction factor (Fan et al. 2006) :
where: J 20 (L/m 2 -h): filtration flux at 201C J T (L/m 2 -h): filtration flux at temperature T Heterotrophic biomass activity was assessed through the following experiments:
Endogenous OUR was measured by recording the DO reduction with time in 250 mL biomass, which had been previously subjected to continuous aeration for at least 18 h, with no substrate addition. Maximum OUR was measured as follows: 250 mL of fresh primary wastewater was added to 250 mL of biomass and the mixture was kept under continuous aeration. The DO reduction with time was recorded at 10 and 30 min after mixing took place to allow some time for microorganisms to acclimatise. The maximum OUR was considered to be the maximum DO reduction between the two cases. Maximum OUR was also measured for the addition of sodium acetate as substrate. Sodium acetate was added to biomass so that its initial concentration in biomass was 250 mg/L and the DO reduction was recorded. In situ OUR was measured by collecting 500 mL biomass from the reactor and immediately transporting it to the laboratory. The biomass was enriched with oxygen for 1-2 min and then the DO reduction with time was measured.
In all OUR experiments 10-12 mg/L of allyl-thiourea was added to inhibit nitrification, while biomass temperature was adjusted to 20721C and the pH to 7.570.2.
The Ammonium Uptake Rate (AUR) experiment was conducted to assess the nitrification rate of autotrophic biomass. Biomass (500 mL) was collected from the bioreactor and was placed inside a suitable flask. Ammonium chloride (NH 4 Cl) was added to the biomass so that the initial NH 4 -N concentration would be approximately 40 mg/L. Biomass was kept under suspension through aeration and the DO concentration was maintained above 4 mg/L. At fixed time intervals 10-15 mL of biomass was collected, centrifuged at 3,000 g and filtered through Whatman membranes with pore size 0.45 mm. The filtrate was measured for its NO 3 -N concentration. Biomass pH was periodically recorded during the experiment and was adjusted using NaOH so that it did not reduce below 7.0. In the cases where biomass concentration was higher than 4 g/L, it was diluted with MBR permeate in order to achieve effective aeration and suspension both for AUR and OUR experiments. Several (410) AUR and OUR experiments were conducted for each operational period of the system. Mixed Liquor Suspended Solids (MLSS) and Mixed Liquor Volatile Suspended Solids (MLVSS) were determined based on the standard methods of analysis (APHA 1998). The Chemical Oxygen Demand (COD), Total Nitrogen (TN), ammonium nitrogen (NH 4 -N), and nitrate nitrogen (NO 3 -N) content were determined using suitable Merck kits. The soluble COD was measured in the filtrate obtained by filtering sludge through Whatman membranes with pore size 0.45 mm.
The influent wastewater was separated in terms of COD into the following fractions: 41.2 mm, 1.2 mm-0.45 mm, 0.45 mm-300 kDa, 300 kDa-100 kDa, 100 kDa-10 kDa, 10 kDa-1 kDa and o1 kDa. The fractions of 1.2 mm and 0.45 mm were obtained by filtering the influent wastewater through Whatman GF/C filters with pore size 1.2 mm and through membranes with pore size 0.45 mm respectively. The other fractions were obtained by filtering the wastewater samples through polyethersulfone membranes with molecular weight cutoffs of 300 kDa, 100 kDa, 10 kDa and 1 kDa. The filtration process took place in an Amicon 8050 stirred cell apparatus of Millipore under constant pressure of 3 bar with the use of nitrogen. The aforementioned fractionation can be employed to characterise primary wastewater, under the following assumptions:
The effluent COD of the MBR system consists of the soluble non-biodegradable fraction of the influent COD (S i ). This assumption is valid at high SRT. The soluble, readily biodegradable fraction of influent COD (S s ) consists of the soluble fraction that penetrates the membrane with MWCO 100 kDa minus the nonbiodegradable fraction. The latter is estimated as a portion of S i that is analogous to its concentration. The COD that is readily hydrolysed (X s ) is given by the colloidal fraction (1.2 mm-100 kDa) minus its non-biodegradable fraction. The latter is estimated as a portion of S i that is analogous to its concentration.
Microscopic examination of biomass was conducted for all experimental periods of the system using a NIKON-ECLIPSE phase contrast microscope. Furthermore, membrane fibres were removed from the membrane module and were examined using SEM-EDAX Quanta 200 of FEI in order to determine the extent and type of depositions.
The bound Extracellular Polymeric Substances were extracted using the method of cation exchange resin. The experimental procedure of EPS and SMP determination is described in previous work (Malamis & Andreadakis 2009 ). The Total Organic Carbon (TOC) was measured in the TOC Analyzer TOC-VCSH of Shimadzu.
RESULTS AND DISCUSSION
Influent wastewater characterisation
Influent wastewater was primary municipal. Table 1b summarises the key influent wastewater characteristics. The majority of influent COD (54-61%) constituted of particulate organic matter (i.e. having a size greater than 1.2 mm). The second most important fraction was soluble organics with size smaller than 1 kDa, occupying 18-24% of the total COD, and the third fraction was that of large colloids (size 1.2 mm-0.45 mm), contributing 14-16% to the total COD. In Table 2 , the average contribution of each organic fraction to the total influent COD is given for the four experimental periods, based on the assumptions given in the experimental methods section. The majority of influent COD consisted of slowly hydrolysed organic matter (X x , 43-49%), while the soluble, readily biodegradable fraction (S s ) consisted of 19-25% of the total influent and the readily hydrolysed organic matter (X s ) consisted of 17-21% of the influent COD. This technique for wastewater characterisation is easy and more rapid than the well-known technique based on measuring OUR. However, it requires the knowledge of the soluble non-biodegradable COD fraction that is measured from the MBR effluent. In the case of a conventional AS system the effluent must be filtered through membranes with MWCO of 100 kDa. The filtrate represents the soluble non-biodegradable fraction of total COD.
MBR long-term performance
The MBR pilot system operated at SRT ¼ 10, 15, 20 and 33 days. Figure 1 shows the variation of MLSS and MLVSS in the bioreactor. Two major sludge loss events were experienced, one on day 358 when the system was operating at SRT ¼ 20 d and one on day 562 when the system was operating with SRT ¼ 33 d. In both cases the system was left to regain its former steady state conditions, while no experiments were conducted. The increase of SRT for constant HRT resulted in an increase of the MLSS concentration from 3 g/L at SRT ¼ 10 days, to 11-13 g/L at SRT ¼ 33 days. Figure 1 shows the transmembrane pressure (TMP) and the membrane permeability (L 201C) fluctuation during the whole operation period of the system. The gradual increase of TMP and the corresponding decrease of permeability occurred due to gradual membrane fouling taking place. The rapid decrease of TMP and the resulting increase in membrane permeability occurred due to chemical cleanings that were performed to restore the membrane permeability. The increase of SRT from 10 to 20 days resulted in a reduction of the rate of membrane permeability decrease from 2.56 L/m 2 -h-bar-d to 0.60 L/m 2 -h-bar-d (80% reduction), while the further increase of SRT to 33 days did not significantly impact on the fouling rate, which was 0.53 L/m 2 -h-bar-d. The system performance stabilised at SRT Z20 d, which is associated with lower concentration of extracellular polymeric substances. Figure 2(a) shows the variation of bound and soluble extracellular polymeric substances (EPS and SMP respectively) with respect to SRT. It is seen that, at low SRT, EPS and SMP concentrations were high and thus resulted in a higher membrane fouling rate. The effluent from the MBR system was always free of suspended solids, indicating that the membrane module was in good condition. The effluent was characterised by very low COD for all operating conditions. The average effluent COD was lower than 30 mg/L for all operating conditions and was lower than 20 mg/L for SRT Z 20 days, while the percentage COD removal was higher than 95%. Organics removal was significant (475%) even during the first 10-15 days of system operation, despite the fact that the biomass was not fully developed. This is attributed to the effective filtration process which resulted in the removal of suspended solids and colloidal substances, since the membrane MWCO was 200 kDa. Full nitrification (100%) was observed for all the examined operating conditions. This was the case even at relatively low temperature (12-131C) and high MLSS concentrations (11-13 g/L). After the start-up period the NH 4 -N concentration in the bioreactor and in the final effluent was negligible and high nitrate levels were always observed (Figure 1(c) ). primary wastewater. Maximum OUR for primary wastewater was 18-27% greater than that for sodium acetate. It seems that the combination of readily biodegradable substrate found in primary wastewater resulted in higher microorganism growth rate than the growth rate observed with the addition of one readily biodegradable substance, that of sodium acetate. Furthermore, the results showed that the increase of SRT impacted on the maximum OUR, since high SRT allowed the development of slower growing microorganisms characterised by lower maximum oxygen uptake rates.
Biomass characteristics
Comparing the obtained maximum OUR values of the MBR with indicative values of the conventional AS system, the results showed that the maximum OUR values of the MBR are in the lower range of values met in conventional systems. The low values obtained were not attributed to the MBR technology per se, but instead to the high SRT values of system operation (SRT Z10 days). High SRT allowed the development of slower growing microorganisms. In Figure 2 (b) the OUR corresponding to the endogenous microorganism activity and to the system in situ activity is given for the examined SRT. At SRT ¼ 15, 20 and 33 days the average endogenous OUR showed small variations (2.2-2.9 mgO 2 /gVSS-h). On the contrary, at SRT ¼ 10 days, the endogenous OUR was significantly higher (5.5 mgO 2 /gVSS-h). Two different interpretations can explain this result: (a) although biomass was continuously aerated for 18 h with no substrate addition, the true endogenous phase had not been reached due to the relatively short SRT or (b) the percentage of active microorganisms in VSS reduced significantly for SRT Z15 days and thus the true endogenous OUR was underestimated for high SRT. It must be mentioned that the values of the endogenous OUR were within the usual range of 2-10 mg O 2 /gVSS-h met in conventional AS systems.
In situ OUR of the MBR reduced significantly with the increase of SRT. This is reasonable since the substrate availability reduced with increasing SRT. At higher SRT the in situ OUR approached the endogenous OUR since conditions of extended aeration prevailed (SRT ¼ 33 days). The obtained OUR at SRT ¼ 33 days (3.8 mgO 2 /gVSS-h) is close to the experimental values obtained in other research works with MBR operating under high SRT. Laera et al. (2005) observed that the OUR in an MBR system with no sludge wasting was 2-3 mgO 2 /gVSS-h, while Pollice et al. (2004) found that the OUR was 4 mgO 2 /gVSS-h in an MBR operating at an SRT higher than 100 days. In Figure 2 (c) the AUR is given as a function of SRT. It is observed that the increase of SRT resulted in a decrease of AUR. In particular, the increase of SRT from 10 to 33 days resulted in a decrease of AUR from 4.8 to 1.6 mgNO 3 -N/gVSS-h. This reduction probably reflected the decrease of the active microorganisms in VSS for SRTZ15 days and not an actual decrease of the system's nitrification capacity. All AUR experiments were conducted with surplus ammonia as substrate. As is seen from the results, nitrification was 100% for all operating conditions and irrespective of the influent nitrogen concentration. Therefore, the AUR reduction does not adversely impact on the process performance. The AUR values were close to indicative AUR values met in conventional AS systems (Kristensen et al. 1992) .
During all the experimental periods the floc size was small (o100 mm). This was attributed to intense aeration which resulted in significant deflocculation taking place inside the biological reactor, despite the absence of a recirculation pump. The increase of SRT from 10 to 33 days resulted in a reduction of the floc size (o 50 mm), resulting from intense deflocculation experienced due both to the high SRT and the intense aeration required to sustain significant DO concentrations (42 mg/L) at elevated MLSS concentrations (11-13 g/L). Furthermore, high SRT values (Z20 days) resulted in the accumulation of a significant amount of inorganic matter inside the biological reactor. Nocardia (Gordona) was dominant under all operating conditions (FI index 43), while Microthrix parvicella was also present in smaller amounts (FI index ¼ 1.5-3). These microorganisms are affected by the operating conditions at lower SRT than those examined in this work. The SRTs employed in this work are adequate for the development of these microorganisms (Noutsopoulos et al. 2006) . The examination of membrane fibres using SEM revealed that the majority of membrane fouling was organic. Elements such as calcium and magnesium were also present.
CONCLUSIONS
The MBR pilot system operated for a period greater than 2 years and achieved very high COD removal (495%) and full nitrification under all the examined operating conditions and irrespective of the influent variations. The increase of SRT resulted in a significant decrease of membrane fouling due to lower levels of extracellular polymeric substances. The increase of SRT also impacted on the maximum OUR since high SRT allowed the development of slower growing microorganisms. In situ OUR depended on the SRT and approached the endogenous respiration at conditions of extended aeration. Biomass flocs were small as deflocculation was dominant. Finally, a new method was developed for the characterisation of influent wastewater that is considered fast and effective.
